Hexaprenyl pyrophosphate synthase (HexPPs) from Sulfolobus solfataricus catalyzes the synthesis of trans-C 30 -hexaprenyl pyrophosphate (HexPP) by reacting two isopentenyl pyrophosphate molecules with one geranylgeranyl pyrophosphate. The crystal structure of the homodimeric C 30 -HexPPs resembles those of other trans-prenyltransferases, including farnesyl pyrophosphate synthase (FPPs) and octaprenyl pyrophosphate synthase (OPPs). In both subunits, 10 core helices are arranged about a central active site cavity. Leu164 in the middle of the cavity controls the product chain length. Two protein conformers are observed in the S. solfataricus HexPPs structure, and the major difference between them occurs in the flexible region of residues 84 to 100. Several helices (␣I, ␣J, ␣K, and part of ␣H) and the associated loops have high-temperature factors in one monomer, which may be related to the domain motion that controls the entrance to the active site. Different side chain conformations of Trp136 in two HexPPs subunits result in weaker hydrophobic interactions at the dimer interface, in contrast to the symmetric -stacking interactions of aromatic side chains found in FPPs and OPPs. Finally, the three-conformer switched model may explain the catalytic process for HexPPs.
Isoprenoids are among the most diverse and widely distributed natural compounds (17, 22) . Using the 5-carbon isopentenyl pyrophosphate (IPP) as building blocks, linear isoprenoids are synthesized by a group of prenyltransferases (PTases), which catalyze the multiple-IPP condensation reaction with allylic substrates, i.e., C 5 dimethyl allyl pyrophosphate (DMAPP), C 15 farnesyl pyrophosphate (FPP), or C 20 geranylgeranyl pyrophosphate (GGPP) for chain elongation (13) . These PTases have been classified as E-and Z-types, which synthesize products with trans and cis double bonds, respectively. Different enzymes synthesize varying chain length products, which are then utilized as precursors for steroids, carotenoids, quinones, dilichols, prenylated proteins, and archaeal membrane lipids.
Trans-PTases are typically classified into three groups based on the chain length of their final products, i.e., short (C 10 to C 25 ), medium (C 30 to C 35 ), and long chain (C 40 to C 50 ) (12, 16) . The crystal structures of short-chain farnesyl pyrophosphate synthase (FPPs) and long-chain octaprenyl pyrophosphate synthase (OPPs) have been determined previously (6, 10, 25) . These proteins are homodimers. Each subunit contains several ␣-helices that form a large central active site cavity with two conserved DDXXD motifs, located at the rims of the helices D and H, respectively. On the other hand, the mediumchain trans-PTases, including hexaprenyl pyrophosphate synthase (HexPPs) and heptaprenyl pyrophosphate synthase (HepPPs), are composed of either homodimers or heterodimers. The HexPPs from Sulfolobus solfataricus (23) , which catalyzes the condensation of two IPP molecules with GGPP to yield all-trans-C 30 -HexPP, is a homodimer (8) . In contrast, HexPPs from Micrococcus luteus B-P 26 and HepPPs from Bacillus subtilis are heterodimers with A and B components (5, 24, 28, 29) . HexPPs synthesizes the precursor of the prenyl side chain of caldariellaqunone (3, 30) . To date, no structure of medium-chain PTases has been available to explain the necessity of homodimer-heterodimer formation and the mechanism of chain length determination.
We report here the first crystal structure of a medium-chain HexPPs from S. solfataricus. On the basis of the crystal structure of HexPPs, we performed site-directed mutagenesis and identified the key amino acid for determining the product chain length. The depths of the active sites in FPPs, HexPPs, and OPPs were then compared to rationalize the mechanism of chain length determination in the short-, medium-, and longchain enzymes. Furthermore, the dimer interfaces in these trans-PTases may provide important clues toward understanding the requirement of homo-and heterodimerization for the medium-chain prenyl-synthesizing enzymes. Reverse-phase thin-layer chromatography (TLC) plates were purchased from Merck. All commercial buffers and reagents used were of the highest purity available.
MATERIALS AND METHODS

Materials
Cloning, expression, and purification. The S. solfataricus P2 HexPPs gene was amplified by PCR from genomic DNA of Sulfolobus solfataricus P2 with primers HexPPs-NcoI (5Ј-CATGCCATGGCCCACCACCACCACCACCACTGAGTA TTATAGAGTTCTGGTTAG-3Ј) and HexPPs-BamHI (5Ј-CGCGGATCC GCGTCATTAAATCTTATCTATGTTAGCCTCC-3Ј) (restriction sites are underlined). The 867-bp PCR products were digested with NcoI and BamHI, and the DNA fragments were cloned into pET16b (Novagen). This construct, with a hexa-His tag attached to the N-terminal methionine, was transferred into Escherichia coli BL21(DE3) (Novagen)-competent cells, and DNA sequencing was performed to confirm the appropriate orientation. The HexPPs protein was then overexpressed in E. coli BL21(DE3) in 6 liters of Difco Luria-Bertani broth containing 50 mg/liter ampicillin to an optical density at 600 nm of 0.5 and then induced with 0.5 mM isopropyl-␤-D-thiogalactopyranoside. After additional overnight incubation, the cells were harvested and disrupted by a French press in a buffer containing 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 20 mM imidazole. The homogenate was centrifuged at 27,000 ϫ g for 30 min, and the supernatant was recovered as a crude extract which was then heated at 55°C for 30 min. The denatured proteins were removed by centrifugation at 27,000 ϫ g for 30 min. The supernatant containing the heat-resistant HexPPs was recovered, and the enzyme was purified with an Ni-NTA column and dialyzed, each three times with 5 liters buffer (20 mM Tris-HCl, pH 8.0) for 6 h. Finally, the HexPPs enzyme was concentrated by Amicon (Millipore). About 100 mg of HexPPs was obtained, with a purity of more than 95% as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
Site-directed mutagenesis of HexPPs. HexPPs mutants were prepared by using a QuikChange Site-Directed Mutagenesis kit in conjunction with the HexPPs gene template in the pET16b vector. The mutagenic primers for D81C, Y124A, Y174A, L164A, L164G, and W136E of HexPPs and F117E of OPPs were prepared by Biobasic Inc. (Canada). The basic procedure of mutagenesis utilizes a supercoiled double-stranded DNA (dsDNA) vector with an insert of interest and two synthetic oligonucleotide primers containing the desired mutation. The mutation was confirmed by sequencing the entire HexPPs mutant gene of the plasmid obtained from the overnight culture. The correct construct was subsequently transformed to E. coli BL21(DE3) for protein expression and purification.
Crystallization and data collection. D81C and W136E mutant crystals were grown at room temperature by the hanging drop vapor diffusion method from a reservoir solution containing 10% (wt/vol) polyethyleneglycol 8000, 2.4 M lithium chloride, and 100 mM Tris (pH 8.0). The crystals reached the maximum size (0.2 mm) in 3 to 5 days. Crystals were frozen after cryoprotection by adding 20% (wt/vol) ethylene glycol to the mother liquor. The D81C mutant X-ray data were collected at 100 K on the Taiwan Contract BL12B2 station at SPring-8 (Hyogo, Japan). The W136E HexPPs mutant, F117E OPPs mutant, and three HexPPs multiple isomorphous replacement (MIR) data sets were collected in house using a Rigaku MicroMax007 X-ray generator equipped with an R-Axis IV ϩϩ image plate detector. The diffraction data were processed and scaled by using HKL/HKL2000 packages (20) . Statistics are shown in Tables 1 and 2 .
The X-ray diffraction data sets for the D81C and W136E HexPPs mutants were collected to 2.4-and 2.7-Å resolution, respectively. Both D81C and W136E crystals belong to the trigonal space group P3 1 21 with similar unit cell ( Table 2 ). The Matthews coefficient of 2.28 Å 3 /Da and solvent content of 46% were consistent with one dimer per asymmetric unit.
Structure determination and refinement. The phase angles of D81C HexPPs crystal were calculated using Thimerosal, C 7 H 5 ClHgO 2 , and C(HgOOCH 3 ) 4 heavy-atom derivative data by the MIR (multiple isomorphous replacement) method using SOLVE (27) . The MIR map at 2.4 Å was subjected to maximumlikelihood density modification followed by autotracing using RESOLVE (26) . An initial model was built using RESOLVE and XtalView (15) . The model was improved by manual rebuilding using XtalView and was refined using CNS (1) . Refinement statistics of D81C and W136E HexPPs mutants are summarized in Table 2 . A Thermotoga maritima OPPs mutant, F117E, for probing the dimer interface was similarly refined, and its refinement statistics are also listed in Table 2 .
Substrate specificity of the recombinant HexPPs. The activity of recombinant HexPPs (1 M) with 5 M allylic substrate (geranyl pyrophosphate [GPP] , FPP or GGPP), 50 M [ 14 C]IPP, 0.1% Triton X-100, 0.5 mM MgCl 2 , and 50 mM KCl in 100 mM HEPES buffer (pH 7.5) was measured to test the substrate specificity of the enzyme. The initial velocity of the enzyme reaction was calculated according to the first 10% of the radiolabeled substrate converted to the polyprenyl products as described previously (21) .
Product analysis. The HexPPs reaction containing 1 M enzyme (wild-type and mutant HexPPs), 5 M FPP, 50 M [ 14 C]IPP, 0.1% Triton X-100, 0.5 mM MgCl 2 , and 50 mM KCl in 100 mM HEPES buffer (pH 7.5) was performed for 72 h at 25°C. EDTA (10 mM) was used to terminate the reactions. Radiolabeled polyprenyl pyrophosphate products were extracted with 1-butanol. The solution was then evaporated, and a 20% propanol solution containing 4.4 U/ml acidic phosphatase, 0.1% Triton, 50 mM sodium acetate (pH 4.7) was prepared to convert polyprenyl pyrophosphate products to corresponding alcohols according to the reported procedure (4). After the pyrophosphate hydrolysis catalyzed by acidic phosphatase was completed, the polyprenols were extracted with n-hexane. The hexane volume was reduced by evaporation. The polyprenols were separated on reversed-phase TLC using acetone/water (19:1) as the mobile phase. The radiolabeled products were identified by autoradiography using a bioimaging analyzer FUJIFILM BAS-1500 (Japan) according to their reported R f values.
Atomic coordinates and structure factors. The atomic coordinates and structure factors (code 2AZJ for D81C mutant HexPPs, 2AZK for W136E mutant HexPPs, and 2AZL for F117E mutant OPPs) have been deposited in the Research Collaboratory for Structural Bioinformatics Protein Data Bank. condensation reaction (10) . The dimer interface (on helices E and F) is less conserved. Several important amino acids ( Fig. 1 , blue asterisk) involved in the structural-based three-metal ion mechanism for FPPs isoprenoid condensation (10) are also conserved in HexPPs, except residue 258. The amino acid located at the fifth position before the first DDXXD, which was proposed to shield product synthesis in FPPs and GGPPs (18, 19) , is a small amino acid (Ala) in the long-chain T. maritima OPPs, E. coli OPPs, and S. solfataricus HexPPs. In contrast, the short-chain E. coli FPPs and S. solfataricus GGPPs have Tyr and Phe at this position, respectively. Notably, the F132 seals the bottom of OPPs's active site and determines the final product chain length (6) , and the equivalent amino acid in S. solfataricus HexPPs is Leu129. The roles of residues located in the HexPPs's active site were investigated by the mutagenesis study, as elucidated below.
RESULTS
Sequence
Overall structure of HexPPs. The crystal structure of S. solfataricus HexPPs was determined by a multiple isomorphous replacement (MIR) method, and the refinement was carried out using the 2.4-Å resolution data of the D81C mutant ( Fig. 2A and Table 2 ). The first amino acid, D81, of the first DDXXD motif was mutated to cysteine in order to bind heavy atoms (mercuric ion) for phase determination. The final refined D81C HexPPs mutant structure consists of residues 1 to 276 in chain A and residues 3 to 276 in chain B. Each asymmetric unit of the crystal contains one dimer, which is the active form of the enzyme. Its secondary structures (Fig. 1) were assigned according to the three-dimensional structure of monomer A.
The structure is composed entirely of all ␣-helices joined by connecting loops. The 10 ␣-helices (all ␣-helices, except helix I) form a large cavity as the active site at the center of each monomer. The substrate-binding site is formed by two conserved DDXXD motifs, each located on the respective helices D and H. The bottom of the central cavity is occupied by two bulky side chains of Y174 and Y124. A complementary hydrophobic interface between helices E and F mainly mediates the HexPPs dimerization. The two subunits of HexPPs adopt different conformations in residues 84 to 100 comprising two ␣-helices, ␣D and ␣E (Fig. S1 in the supplemental material) . The N terminus of helix E has two additional turns and the connecting loop to helix D is stretched out in monomer B, whereas monomer A exhibits a similar conformation to the corresponding regions in FPPs and OPPs. In the wild-type HexPPs structure (data not shown), similar conformation of monomer B is observed, suggesting that it is not a result of the D81C mutation. Helix E in monomer B is involved in lattice contact interactions, which should be responsible for capturing the HexPPs molecules in such an asymmetric conformation (Fig. S2 in the supplemental material) . The volume of the active-site cavity is 1331 Å 3 and 804 Å 3 in monomers A and B, respectively (Fig. 2B) . In monomer A, these helices are partly unraveled to create a different active-site cavity from that of monomer B. Owing to the steric hindrance effect in the dimer interface, the bulky residue W136 of monomer B protrudes inward to the active-site cavity. This side chain conformational change significantly reduces the cavity volume of monomer B.
Flexibility analysis of HexPPs by temperature factors. The B-factor analysis was performed over the entire sequences and for different protein subunits (Fig. 3) . The results show that the residues with low B factors occur predominantly in the central portions of the helix bundles, and the residues with high B factors are associated with the interconnecting loops between the helices. This observation suggests that the active-site residues, in general, are less flexible than the non-active-site residues. The protein can thus provide a hydrophobic pocket within the helices along with the stabilization of specific charged groups at the active site. On the other hand, the C-terminal region of monomer B (helices I, J, and K) has the highest B factors (Fig. 3) , a result of loose crystal packing interaction (Fig. S2) . Although the overall dispositions of these helices are not different in the two monomers, since the conformational flexibility is likely correlated with B factors, this region may also adopt alternative conformation during substrate binding or catalysis. Substrate specificity of the recombinant HexPPs. Prenyltransferases utilized IPP for chain elongation of allylic substrate FPP or GGPP. Since in S. solfataricus there is a GGPP but not FPP synthase enzyme, it was suggested that HexPPs should utilize GGPP rather than FPP as the substrate. We tested the reaction products and measured the activity by using C 15 -FPP, C 20 -GGPP, and shorter C 10 -GPP as a substrate. We found that all of the above substrates led to the same C 30 final product by HexPPs. In term of enzyme activity, GGPP (specific activity, 0.016 s Ϫ1 ) displayed threefold better activity than that using FPP (specific activity, 0.005 s Ϫ1 ) as a substrate under the experimental conditions. The activity was threefold further reduced by using shorter substrate GPP (specific activity, 0.002 s Ϫ1 ). Apparently, GGPP is a native substrate for HexPPs. However, in the test of the products for the mutant enzymes, we used FPP, which is available in the laboratory for the reaction, since both FPP and GGPP gave the same products.
Essential amino acid for product chain length determinant. On the basis of the crystal structure, we aimed to identify the key residues for determining the ultimate chain length of HexPPs. Two large amino acid residues (Y124 and Y174) at the bottom of the internal cavity, analogous to F132 in OPPs (6), were initially predicted to be the chain length determinant of the C 30 product. We replaced these large residues with Ala and examined the chain lengths of the products synthesized by the mutant enzymes using TLC analysis. Surprisingly, both Y124A and Y174A mutants generated the same C 30 product (Fig. 4, lanes 2 and 3) . Another residue, L164, located in the middle of the cavity was then predicted to be a suitable candidate. Conversion of L164 to alanine, making the L164A mutant, produced only one C 5 -prenyl unit longer C 35 product (Fig. 4,  lane 4) .
Comparison of active sites among trans-PTases. The Protein Data Bank (PDB) (2) was used to search for other structural homologues of HexPPs using the DALI server (9) . The best match for the A monomer of S. solfataricus HexPPs was obtained from the A chain of the E. coli FPPs ternary complex (PDB ID code 1RQI), with a Z-score of 23.5, which corresponds to the root-mean-square deviation (RMSD) of 2.4 Å for 233 equivalent C ␣ atoms. The second highest score goes to the A chain of the T. maritima OPPs (PDB ID code 1V4E), with a Z-score of 23.3, which corresponds to the root-meansquare deviation (RMSD) of 2.9 Å for 242 equivalent C ␣ atoms. The structures of these three enzymes share the similar overall fold and topology (Fig. S3 in the supplemental material), despite relatively low sequence identity (about 25%). Most of the backbones are superimposed very well, except for the two regions in ␣D-␣E and ␣H-␣I loops. Notably, conserved Arg116 and Lys258 emanating from the conformationally variable ␣D-␣E and ␣H-␣I loops in FPPs shield the reaction from bulk solvent and stabilize the catalytic base of pyrophosphate oxygen by their positive charges (10) . FPPs undergoes the substrate-induced active-site rearrangements that protect the centrally located cavity from bulk solvent and position active-site residues in a catalytically competent conformation. Similar conformation in the ␣D-␣E loop can be found in monomer A of HexPPs.
It has been proposed that the size of an elongated hydrophobic tunnel in the active site determines the product size of PTases (6, 7), because a bulky side chain at the distal end of the cavity blocking the product from penetrating the tunnel. To further understand the product specificity of FPPs, HexPPs, and OPPs, we calculated the depth of the active-site cavities for these three trans-PTases (Fig. 5A) . The direct distances between the first DDXXD motif and the residue responsible for chain length determination are 10.36 Å, 10.90 Å, and 18.69 Å for FPPs, HexPPs, and OPPs, respectively. Although there is little difference between FPPs and HexPPs in the distance, the smaller size of A76 in HexPPs compared to the corresponding residue Y79 in FPPs apparently provides more space for HexPPs to accommodate longer products. In contrast, OPPs with deeper active sites provides sufficient space for the C 40 isoprenoid. Figure 5B illustrates that the larger space within the active-site cavities gives rise to longer chain lengths of the final products.
Comparison of the dimer interfaces in trans-PTases. The dimer interface parameters for three trans-PTases were calculated using the Protein-Protein Interaction Server (11) ( Table 3 ). The accessible solvent areas at the dimer interface of FPPs, HexPPs, and OPPs are 1,800, 1,820, and 1,712 Å 2 , respectively, above the mean 1,685 Å 2 of many other homodimers. We also measured the "complementarity" between the interacting surfaces using a gap index, defined as the enclosed volume between any two molecules divided by the surface area. For FPPs, HexPPs, and OPPs dimers, the gap index values are 1.09, 1.63, and 2.01, respectively (compared with the mean value of 2.2 of other homodimers), indicative of a highly complementary dimer interface. Van der Waals interactions between hydrophobic residues contribute most to the stability of these dimers; about 70% of the atoms involved in the dimer interface are nonpolar. Among the three trans-PTases, the HexPPs dimer has fewer hydrogen bonds and no salt bridge at the interface. Most of the dimer surface interactions in the three trans-PTases are between helices E and F and part of helix B.
Several planar residues, such as F122 of FPPs, P114 and W136 of HexPPs, and F117 of OPPs, are found at the dimer interface through strong stacking interactions (Fig. 6A) . In FPPs and OPPs, the side chains of F122 and F117, respectively, are involved in the -interaction with the same residues from the other subunit. In contrast, HexPPs forms the crossing stacking interaction between W136 on helix F from monomer A and P114 on helix E from monomer B (Fig. 6A) . In an attempt to disrupt the dimer, the hydrophobic residues in the dimer interface of OPPs (F117) and HexPPs (W136) (Fig. 6B and D) were replaced by a negatively charged Glu residue. The mutants still formed dimers ( Fig. 6C and E) . Apparently, the dimer interface is held together by a wide range of hydrophobic interactions. A single-site mutation is not sufficient to disrupt the dimer formation, although some side chain conformational changes occur in the mutational region.
DISCUSSION
Several enzymes, including the crenarchaeal medium-chain S. solfataricus HexPPs (code XXXX), short-chain E. coli (code 1RQI) FPPs, and long-chain T. maritima OPPs (code 1V4E), are shown here to illustrate their similar structural features. However, a large amino acid occurring at varying locations along the active site cavity can block the chain elongation of a defined product. Y105 (the fifth amino acid prior to the first DDXXD motif), L164, and F132 are the predominant key amino acids in FPPs, HexPPs, and OPPs, respectively. The space of the active-site area constrained by the large amino acid is proportional to the chain length of the product. This molecular ruler mechanism has been proposed for several trans-PTases (7, 14, 25) .
The size of a C 30 product, if arranged linearly, is estimated to be 32 Å, but the distance from the first DDXXD to L164 is only about 11 Å. This can be explained by the fact that the C 30 -HexPP is flexible enough and can fold to adapt to the cavity of the active site. In addition, the fifth amino acid before the first DDXXD motif in HexPPs is A76, smaller than the corresponding residue Y79 in E. coli FPPs and F79 in S. solfataricus GGPPs. This provides a wider cavity for HexPPs than those in E. coli FPPs and S. solfataricus GGPPs. In conclusion, chain length determination cannot be accurately predicted simply through the activesite cavity depth alone. The size of the amino acid near the active site is also significant in determining the product chain length.
It is interesting that only medium-chain (C 30 and C 35 ) transPTases contain either homodimers or heterodimers in different species. From the above description, the homodimer of HexPPs from S. solfataricus is not held as tightly as short-and long-chain trans-PTases. The sequence of each monomer is homologous to component B of the heterodimer for other medium-chain trans- PTases, e.g., HexPPs of Micrococcus luteus B-P 26 and HepPPs of Bacillus subtilis (Fig. 1) . However, component A of the heterodimer does not show sequence homology to any other protein.
From the structure presented here, we identified the characteristic interactions at the dimer interface in the homodimeric HexPPs. This part of the sequence, especially in helix F, is least conserved in component B of the heterodimeric synthases, possibly rendering them unable to form a homodimer.
The conformations of the two subunits of S. solfataricus HexPPs are nearly identical, except in the ␣D-␣E loop, which is relevant to the catalytic function of HexPPs (Fig. S1) . The loop may mediate the interaction of IPP with GGPP, necessary to initiate the condensation reaction and to serve as a hinge to control the substrate binding and product release. In addition, the B-factor distribution provides information on the protein dynamics, flexibility, and stability. Therefore, it is tempting to propose that monomer A with an inward ␣D-␣E loop represents the substrate-free conformation because of its similar conformation to the corresponding regions in substrate-free OPPs (Fig. S3) (10) . Monomer B may correspond to the product-released conformation with a flexible region (helices H to K) and two outward loops. It is unlikely that a rigid conformation of HexPPs releases the final product, since there is no exit hole through the bottom for the product. The outward loop in monomer B provides a putative conformation for product release.
We conclude here with a three-conformer switch model (Fig. 7) based on the two conformers observed in HexPPs and FPPs-substrate complex ( Fig. S1 and S3) . The monomer A with the inward ␣D-␣E loop represents a substrate-free conformation. As the substrates bind, the ␣H-␣J loop moves inward toward the active site to facilitate catalysis involving with some positive-charged amino acids (R90, R91), analogous to the FPPs-substrate complex. When the product chain length reaches C 30 
